Our previous study revealed that Vav3 oncogene is overexpressed in human prostate cancer, activates androgen receptor (AR), and stimulates growth in prostate cancer cells. The purpose of this study is to further determine the potential role of Vav3 in prostate cancer development in genetically engineered mouse model. We generated Vav3 transgenic mice by targeted overexpression of a constitutive active Vav3 in the prostatic epithelium. We found that overexpression of Vav3 led to development of mouse prostatic intraepithelial neoplasia and prostate cancer at the age of as early as 3 months. The AR signaling axis and phosphatidylinositol 3-kinase-Akt signaling were elevated in the prostate glands of Vav3 transgenic mice. In addition to prostate cancer, Vav3 transgenic mice developed significant nonbacterial chronic prostatitis in the prostate gland with notable infiltration of lymphomononuclear cells (monocytes, lymphocytes, and plasma cells), which was associated with elevated incidence of prostate cancer. DNA microarray and signaling pathway analysis revealed that the top diseases and disorders were inflammatory diseases and cancer of the prostate gland in Vav3 transgenic mice. In vitro analysis showed that overexpression of Vav3 in prostate cancer cells enhanced nuclear factor-KB (NF-KB) activity, implicating an underlying mechanism of innate inflammatory response induced by elevated Vav3 activity. These data showed that Vav3 overexpression in the prostate epithelium enhanced both the AR signaling axis and NF-KB-mediated pathway, which potentially contributed to the development of nonbacterial prostatitis and prostate cancer. [Cancer Res 2008;68(15):6396-406] 
Introduction
It was widely accepted that inflammation contributes to cancer development (1, 2) . Many cancers, such as hepatocellular carcinoma, stomach cancer, and colorectal carcinoma, arise from chronic infection and inflammation. Compelling data indicate that inflammation is also associated with prostate cancer (3) . The source of intraprostatic inflammation is, however, largely unknown, although multiple factors, such as infectious agents, dietary carcinogens, hormone change, and physical trauma, may contribute to inflammation in the prostate gland. Chronic inflammation results in a sustained innate immune response, which creates a microenvironment rich in cytokines, chemokines, growth factors, and angiogenesis factors, and fosters proliferation and survival, a critical step for carcinogenesis (1, 2) . Nuclear factor nB (NF-nB) is a key linking molecule in inflammation and immunity to cancer development and progression (4, 5) . Various carcinogens, oncogenes, and cell signaling pathways, such as phosphatidylinositol 3-kinase (PI3K)-Akt signaling (6) (7) (8) , activate NF-nB, which in turn leads to expression of inflammatory cytokines and growth factors; blocking of apoptosis; and promotion of proliferation, angiogenesis, and tumor invasion process.
Vav3 family oncogenes have three members (Vav1, Vav2, and Vav3) and are guanine nucleotide exchange factors for Rho family GTPases. They differ in their tissue distributions. Vav1 is primarily expressed in hematopoietic cells, whereas Vav2 and Vav3 are more ubiquitously expressed (9, 10) . Vav proteins contain multiple function motifs and are involved in various cellular signaling processes including cytoskeleton organization, calcium influx, phagocytosis, and cell transformation (11) . Vav proteins are directly or indirectly activated by receptor protein tyrosine kinase in various signal transduction pathways. For instance, Vav2 and Vav3 can be directly activated by the receptor protein tyrosine kinase activity of EphA receptor and epidermal growth factor receptor (EGFR; refs. 12, 13). Vav3, a downstream signal transducer of EGFR/ HER2, was shown to bind to several partners, including Rac1, Cdc42, PI3K, Grb2, and phospholipase Cg, leading to alteration in cell morphology and cell transformation (14) . Overexpression of Vav3 leads to PI3K activation and focus formation in NH3T3 cells, and blocking PI3K activity by PTEN and LY294002 efficiently inhibits Vav3-induced cell transformation activity (15) .
Androgen receptor (AR) hypersensitivity plays a critical role in prostate cancer development and progression to an androgenindependent disease. AR mutation and gene amplification, as well as overexpression of coactivators, contribute to AR hypersensitivity (16) (17) (18) . AR, as other nuclear receptors, can also be activated independent of its ligand by phosphorylation, which is mediated by a variety of signaling pathways (19) (20) (21) . Phosphorylation of AR facilitates the recruitment of coactivators and chromatin remodelers and modifiers, resulting in enhanced expression of its target genes (22) . Numerous studies have shown that the EGFR/HER2-PI3K-Akt pathway contributes to AR hypersensitivity and prostate cancer development and progression. Overexpression of HER2 in prostate cancer cells up-regulates AR activity and stimulates androgen-independent growth in prostate cancer cells (23) . The elevated AR activity and PI3K-Akt signaling, such as mediated by PTEN deletion and mutation, play an important role in prostate cancer (24) (25) (26) (27) (28) . Prostate-specific deletion of murine PTEN, a tumor suppressor gene that shuts off PI3K-Akt signaling, induces prostatic intraepithelial neoplasia lesions, which later progress to invasive prostate cancer in mice (29) . Multiple growth factors and cytokines, including EGF, signal through the PI3K-Akt pathway and activate AR in prostate cancer cells, which can be accomplished by direct AR phosphorylation by active Akt (19) (20) (21) .
Recently, we and others found that Vav3 oncogene is overexpressed in human prostate cancer and several lines of prostate cancer cells (30, 31) . Vav3 enhances AR activity and stimulates androgen-independent growth in prostate cancer cells. We further showed that Vav3, as a signal transducer, upregulates AR activity partially via PI3K-Akt signaling (30) . These findings suggest that Vav3 overexpression may contribute to prostate cancer development and/or progression. The purpose of this study was to further determine the role of Vav3 in prostate cancer in genetically engineered mouse model. We found that the targeted overexpression of a constitutive active Vav3 in the epithelium of the prostate gland induced prostatic intraepithelial neoplasia (mPIN) and prostate cancer, which is correlated with elevated AR signaling axis and PI3K-Akt signaling in the prostate gland. Moreover, we found that Vav3 overexpression also led to significant chronic nonbacterial inflammation in the prostate gland, which was associated with elevated incidence of prostate cancer. DNA microarray and signaling pathway analysis revealed that the top diseases and disorders are inflammatory diseases and cancer of the prostate gland in Vav3 transgenic mice. Furthermore, we showed that overexpression of Vav3 upregulated NF-nB activity in prostate cancer cells, which was partially via PI3K-Akt signaling. These data suggest that Vav3 overexpression enhances both the AR signaling axis and NF-nBmediated pathway, which may contribute to the development of nonbacterial prostatitis and prostate cancer.
Materials and Methods
Reagents. RPMI 1640 was purchased from Invitrogen. Fetal bovine serum (FBS) and charcoal/dextran-treated FBS were purchased from HyClone Laboratories. Human prostate cancer LNCaP cells were obtained from American Type Culture Collection and maintained in RPMI 1640 supplemented with 10% FBS (complete medium) at 37jC in 5% CO 2 . NF-nBLuc (Clontech) is a luciferase reporter construct driven by NF-nB enhancer element.
Anti-AR and anti-Vav3 antibodies were obtained from Upstate Biotechnology. We also generated custom anti-Vav3 antibody from the COOH terminus of Vav3 peptide sequence (CMELVEYYKHHSLKEGFRT), which was used for expression analysis of transgenic Vav3* protein for the prostate tissue extracts derived from Vav3 transgenic mice. Anti-p-Akt and anti-Akt antibodies were from Cell Signaling Technology. Anti-synaptophysin polyclonal antibody was obtained from DAKO. Anti-laminin polyclonal antibody and PS-1145 were from Sigma. Anti-NF-nB antibody was purchased from Santa Cruz Biotechnology, Inc.
Generation of Vav3 transgenic mice. We generated Vav3 transgenic construct ARR 2 PB-Vav3*-IRES-hrGFP. The vector backbone including a terminal intron and exon structure, mRNA termination, cleavage, and polyadenylation sequences is from SK-PB/SV40t vector, a gift from Dr. Norman Greenberg (Clinical Research, Fred Hutchinson Cancer Research Center. Seattle, WA; ref. 32) . IRES containing an internal ribosome entry site and hrGFP including Renilla green fluorescent protein (GFP) gene were from Vitality mammalian expression vector (Stratagene). Vav3* cDNA has previously been described (30) . The rat prostate-specific probasin promoter ARR 2 PB was a generous gift from Dr. Robert Matusik (Director of the Vanderbilt Prostate Cancer Center, Department of Urologic Surgery, Vanderbilt University Medical Center; ref. 33) . ARR 2 PB is a small composite probasin promoter, which remains highly specific for the prostatic epithelium and confers a high level of transgene expression.
For genotyping of Vav3 transgenic mice by PCR, the upper primer pS5 (5 ¶-GATTAATTAATAGCAATTCCTCGACGA-3 ¶) and the lower primer Lw3 (5 ¶-CTGGCCTCTCTGGCCATTATCATCGTGTTT-3 ¶) are designed from vector IRES sequence.
Western blot analysis. Western blot analysis was done as previously described (34) . Briefly, aliquots of samples with the same amount of protein, determined using the Bradford assay (Bio-Rad), were mixed with loading buffer [final concentrations of 62.5 mmol/L Tris-HCl, pH 6.8, 2.3% SDS, 100 mmol/L DTT, and 0.005% bromophenol blue], boiled, fractionated in a SDS-PAGE, and transferred onto a 0.45-Am nitrocellulose membrane (Bio-Rad). The filters were blocked with 2% fat-free milk in PBS and probed with first antibody in PBS containing 0.1% Tween 20 (PBST) and 1% fat-free milk. The membranes were then washed four times in PBST and incubated with horseradish peroxidase-conjugated secondary antibody (Bio-Rad) in PBST containing 1% fat-free milk. After washing four times in PBST, the membranes were visualized with the enhanced chemiluminescence Western blotting detection system (Amersham Co.). For Western blot analysis of Vav3 expression, the first antibody was incubated overnight at 4jC.
Reporter assay. Cells (10 5 per well) were seeded in 12-well tissue culture plates. The next day, Optifect-mediated transfection was used for the transient transfection assay according to the protocol provided by Invitrogen/Life Technologies, Inc. The cells were then treated with hormone or drugs in stripped medium for 24 h. Subsequently, the cell extracts were prepared and luciferase activity was assessed in a Berthold Detection System (Pforzheim) using a kit from Promega following the manufacturer's instruction. For each assay, cell extract (20 AL) was used and the reaction was started by injection of 50 AL of luciferase substrate. Each reaction was measured for 10 s in a luminometer. Luciferase activity was defined as light units per milligram of protein.
Immunohistochemical staining. Immunohistochemical staining was done as detailed in our previous studies (30) . Briefly, paraffin-embedded tissue sections were deparaffinized in xylene, rehydrated in graded alcohol, and transferred to PBS. The slides were treated with a citric acid-based antigen retrieval buffer (DAKO Co.), followed by 3% H 2 O 2 in methanol, incubated in blocking buffer (5% bovine serum albumin and 5% horse serum in PBS) and then in the blocking buffer containing first antibody. After washing, the slides were incubated with a biotinylated secondary antibody (BioGenex Laboratories), followed by washing and incubation with the streptavidin-conjugated peroxidase (BioGenex). A positive reaction was visualized by incubating the slides with stable diaminobenzidine and counterstaining with Gill's hematoxylin (BioGenex) and mounted with Universal Mount mounting medium (Fisher Scientific).
DNA microarray analysis of the prostate glands from Vav3 transgenic mice. DNA microarray analysis was done in Genomics and Microarray Laboratory, Department of Environmental Health, University of Cincinnati Medical Center. The mouse 70-mer MEEBO oligonucleotide library version 1.05 (35,302 optimized mouse oligos; Invitrogen) was included in the DNA microarray. A pair of RNA samples from wild-type and transgenic mice was subjected to target labeling with monofunctional reactive Cy3 and Cy5 dyes (Amersham), respectively, and used per slide. Three parallel experiments were done.
Imaging and data generation were carried out with a GenePix 4000A and GenePix 4000B (Axon Instruments, Inc.) and associated software from Axon Instruments. The microarray slides were scanned with dual lasers with wavelength frequencies to excite Cy3 and Cy5 fluorescence emittance. Images were captured in JPEG and TIFF files, and DNA spots were captured by the adaptive circle segmentation method. Information extraction for a given spot is based on the median value for the signal pixels and the median value for the background pixels to produce a gene set data file for all the DNA spots. The Cy3 and Cy5 fluorescence signal intensities were normalized.
For data normalization and analysis, the data were analyzed to identify differentially expressed genes between transgenic and wild-type mice. Three biological replicate arrays, including one dye-flip, were done. Analysis was done using R statistical software and the Limma Bioconductor package (35) . Data normalization was done in two steps for each microarray separately (36) . First, background-adjusted intensities were log transformed and the differences (M) and averages (A) of logtransformed values were calculated as M = log 2(Â1) À log 2(Â2) and A = [log 2(Â1) + log 2(Â2)]/2, where Â1 and Â2 denote the Cy5 and Cy3 intensities, respectively. Second, normalization was done by fitting the array-specific local regression model of M as a function of A. Normalized log-intensities for the two channels were then calculated by adding half of the normalized ratio to A for the Cy5 channel and subtracting half of the normalized ratio from A for the Cy3 channel. The statistical analysis was done for each gene separately by fitting the following ANOVA model:
where Y ijk corresponds to the normalized log-intensity on the ith array, with the jth genotype, and labeled with the kth dye (k = 1 for Cy5 and k = 2 for Cy3). m is the overall mean logintensity, A i is the effect of the ith array, S j is the effect of the jth treatment, and C k is the gene-specific effect of the kth dye. Estimated fold changes were calculated from the ANOVA models, and resulting t statistics from each comparison were modified using an intensity-based empirical Bayes method (IBMT; ref. 37) .
Ingenuity Pathway Analysis. Data from oligo DNA array were analyzed through the use of Ingenuity Pathways Analysis (Ingenuity Systems). 4 Ingenuity Pathways Analysis is a software application that enables to identify the biological mechanisms, pathways, and functions most relevant to their experimental data sets or genes of interest.
For network generation and functional analysis, a data set containing gene identifiers and corresponding expression values was uploaded into the application. Each gene identifier was mapped to its corresponding gene object in the Ingenuity Pathways Knowledge Base. The gene value with >1.5-fold change and P < 0.05 were set to identify genes whose expression was significantly differentially regulated. Six hundred fifty-two genes were identified for pathway and 705 genes were identified for network. These genes, called focus genes, were overlaid onto a global molecular network developed from information contained in the Ingenuity Pathways Knowledge Base. Networks of these focus genes were then algorithmically generated based on their connectivity. The functional analysis of a network identified the biological functions and/or diseases that were most significant to the genes in the network. The network genes associated with biological functions and/or diseases in the Ingenuity Pathways Knowledge Base were considered for the analysis. Fisher's exact test was used to calculate a P value determining the probability that each biological function and/or disease assigned to that network is due to chance alone.
A network is a graphical representation of the molecular relationships between genes or gene products. Genes or gene products are represented as nodes, and the biological relationship between two nodes is represented as an edge (line). All edges are supported by at least one reference from the literature, from a textbook, or from canonical information stored in the Ingenuity Pathways Knowledge Base. The node color indicates up-regulation (red) or down-regulation (green). Nodes are displayed using various shapes that represent the functional class of the gene product.
For canonical pathway analysis of entire data set, canonical pathway analysis identified the pathways from the Ingenuity Pathways Analysis library of canonical pathways that were most significant to the data set. Genes from the data set were associated with a canonical pathway in the Ingenuity Pathways Knowledge Base and were considered for the analysis. The significance of the association between the data set and the canonical pathway was measured in two ways: (a) A ratio of the number of genes from the data set that map to the pathway divided by the total number of genes that map to the canonical pathway is displayed; (b) Fisher's exact test was used to calculate a P value determining the probability that the association between the genes in the data set and the canonical pathway is explained by chance alone.
Real-time reverse transcription-PCR analyses. Total RNA was isolated from the prostate tissues using the TRI reagent kit (Invitrogen). 
Results
Generation of Vav3 transgenic mice. We constructed ARR 2 PB-Vav3*-IRES-hrGFP expression plasmid containing a constitutive active Vav3* and a downstream GFP cDNAs (Fig. 1A) . Expression of the cDNA was confirmed by elevated GFP level in response to dehydrotestosterone stimulation in LNCaP cells. Then, the expression cassette ARR 2 PB-Vav3*-IRES-hrGFP was released with BssHII digestion and used to generate prostate epitheliumspecific Vav3 transgenic mice in FVB genetic background. Several lines of Vav3 transgene mice were obtained (Fig. 1B) . Expression of the transgene, a 75-kDa Vav3* protein (30) , was confirmed in tissue extracts derived from the prostate gland of 8-week-old mice (Fig. 1C) . Immunohistochemistry analysis revealed that Vav3 protein was overexpressed in the prostate epithelium at this age (Fig. 1D) .
Development of mPIN and prostate cancer in Vav3 transgenic mice. The prostate glands from three lines of Vav3 transgenic mice of ages 2 to 10 months were collected and subjected to H&E staining. The abnormality in the prostate gland tissue was observed in Vav3 transgenic mice, dramatically in young adult mice relative to wild-type mice. Histopathologic analysis revealed that some of the transgenic mice developed prostate cancer ( Table 1) . As shown in Fig. 2 , the prostate glands from Vav3 transgenic mice of age 6 months developed mPIN and prostate cancer. The glandular epithelium showed prominent proliferation, with glands varying in size and shape with mixed and different epithelium growth patterns (tufted, papillary, or cribriform as indicated by arrow; Fig. 2B ). The epithelial cells showed high-grade Research.
on June 3, 2017. © 2008 American Association for Cancer cancerres.aacrjournals.org Downloaded from cellular atypia with amphophilic to basophilic cytoplasm and prominent stratification and crowding of nuclei. The nuclei were enlarged and hyperchromatic with coarse clumping of chromatin, prominent nucleoli, and irregular nuclear membrane (Fig. 2 B-III,  inset) . Microinvasion presented in focal area lacking a basal cell layer and with glands invading the surrounding stroma (Fig. 2B-IV ) . No distant metastasis was identified. Table 1A summarizes the results of 85 transgenic mice from 3 transgenic lines and 17 wildtype mice. The equality of cancer rates in transgenic mice and wildtype mice was tested by Fisher's exact test after collapsing the age groups. When wild-type and mPIN mice were combined as noncancer cases, the cancer rate in transgenic mice was found significantly higher than that in wild-type mice (P < 0.001).
Lymphomononuclear cell infiltration in the prostate glands of Vav3 transgenic mice. A further analysis revealed the presence of significant inflammatory responses in prostate glands of Vav3 transgenic mice. Lymphomononuclear cells were mostly notable in the stroma of prostate glands and consisted mainly of lymphocytes, plasma cells, and monocytes ( Fig. 3A-C; refs. 38, 39 ). The predominance of lymphocytes and plasma cells indicated a chronic inflammatory process. The lack of or rare presence of neutrophils was also supported that this inflammation was not an acute inflammatory process, which is usually caused by bacterial infection. More interestingly, there was a notable angiogenesis that seemed to be associated with the inflammatory process (Fig. 3D) .
These observations prompted us to investigate whether inflammation was associated with prostate cancer development in Vav3 transgenic mice. We analyzed one line of Vav3 transgenic mice of ages 5 to 7 months. Among 11 mice with prostate cancer, Figure 2 . Development of mPIN and prostate cancer with focal microinvasion in Vav3 transgenic mice. A, prostate glands from 6-month-old wild-type mice. Magnification, Â100 (I ); Â200 (II). B, prostate glands from Vav3 transgenic mice. Low-power view (I and II ) shows glandular hyperplasia with mild architectural alteration and stroma hypercellularity. Prominent proliferation of glandular epithelium with glands varying in size and shape with mixed, different growth patterns (tufted, papillary, or cribriform as indicated by arrow). Some glands are angulated and rigid in appearance. Other atypical features include fused glands, trabecular bar, and punched out or slit-like lumina. Under high-power view (III ), the epithelial cells show high-grade cellular atypia with basophilic cytoplasm and prominent stratification and crowding of nuclei. The nuclei are enlarged and hyperchromatic with coarse clumping of chromatin, prominent nucleoli, and irregular nuclear membrane. Microinvasion (IV ; arrowhead) is present in focal area lacking a basal cell layer and with glands invading the surrounding stroma. Magnification, Â100 (I ); Â200 (II ); Â400 (III ); Â600 (inset ); and Â400 (IV ). All sections are H&E stained.
8 (73%) mice had significant inflammation in the prostate gland, whereas 2 of 13 (15%) wild-type mice showed minimum inflammatory cell infiltration. Furthermore, we found that the onset of inflammation in the prostate gland is approximately the same time as the neoplastic changes, which is at ages 5 to 6 months. Statistical analysis by Fisher's exact tests suggested that there is a significant association of inflammation and prostate cancer development (P = 0.011). These data suggest that inflammatory responses are associated with prostate cancer development in Vav3 transgenic mice.
Characterization of prostate cancer in Vav3 transgenic mice. We characterized prostate cancer in Vav3 transgenic mice and examined the expression levels of Vav3 and AR in the prostate glands of 6-month-old mice. Immunohistochemical analysis revealed that Vav3 expression was elevated in the prostate epithelial cells of Vav3 transgenic mice relative to those of wildtype mice (Fig. 4A) . The prostate epithelial cells were positive for AR staining. There was no significant alteration in AR protein level between Vav3 transgenic and wild-type mice based on Western blot analysis (Fig. 4A) . Laminin staining showed the disruption of the basal cell layer in the prostate glands of Vav3 transgenic mice, whereas the glandular structure was intact in wild-type mice of the same age. These data indicate a local invasive prostate cancer in Vav3 transgenic mice. a-Synaptophysin staining was negative in epithelial cells and positive in neuronal cells of the stroma, suggesting that the prostate cancer cells were not of neuroendocrine origin (Fig. 4A) .
PI3K-Akt signaling was elevated in the prostate epithelium. Given our previous finding that Vav3 overexpression enhances AR signaling partially via the PI3K-Akt pathway (30), we examined PI3K-Akt signaling in the prostate gland of Vav3 transgenic mice. Immunohistochemical analysis showed that phospho-Akt level was elevated in the prostate epithelial cells of Vav3 transgenic mice relative to those in wild-type mice (Fig. 4B) . Western blot analysis confirmed that phospho-Akt level was elevated in the tissue extracts derived from the prostate gland of Vav3 transgenic mice compared with those of wild-type mice (Fig. 4C ). This finding is consistent with our previous in vitro data indicating that Vav3 enhances PI3K-Akt signaling (30) .
The AR signaling axis was elevated in the prostate epithelium. To further determine alterations of the signaling pathways in the prostate glands of Vav3 transgenic mice, we conducted DNA microarray analysis using RNAs derived from the prostate glands of Vav3 transgenic mice. The expression of genes in the prostate glands of Vav3 transgenic mice was compared with that in age-matched wild-type mice. The initial analysis was focused on the AR-mediated pathways. Data in Table 1B showed that Vav3 overexpression enhanced the AR signaling axis as shown by enhanced expression of AR target genes as well as AR signalingrelated genes. The levels of kallikrein 1 and sex-limited protein genes, which are classic AR target genes, were elevated. The levels of androgen binding proteins/sex hormone-binding globulins were also increased, which are involved in extracellular steroid binding and bioavailability of sex steroids. In addition, expression of caveolin 1, which is involved in nongenomic AR activity and prostate cancer, was elevated. We validated the microarray data by quantitative real-time RT-PCR and found that murine KLK-1 level was f2.8-fold higher in the prostate glands of Vav3 transgenic mice (3.33eÀ4 relative to Actin mRNA level) compared with wildtype mice (1.2eÀ4 relative to actin mRNA level). These data Determination of the disrupted signaling pathways in the prostate glands of Vav3 transgenic mice. To identify the alterations of other signaling pathways in Vav3 transgenic mice, the DNA microarray data were subjected to Ingenuity Pathway Analysis. Genes that have expression levels changed >1.5-fold and P < 0.05 were chosen for analysis. Under these criteria, 652 genes qualified for pathway analysis and 705 genes for network analysis. Consistent with cancer and inflammation phenotypes in the prostate glands of Vav3 transgenic mice, the top diseases and disorders identified by Ingenuity Pathway Analysis were cancer Figure 4 . Characterization of prostate cancer in Vav3 transgenic mice. A, immunohistochemical analysis of the prostate glands of Vav3 transgenic mice (left ) relative to that of wild-type mice (right ) of ages 6 mo for Vav3, AR, laminin, and a-synaptophysin. Magnification, Â200 (Vav3, AR, and laminin); Â600 (a-synaptophysin). B, expression analysis of phospho-Akt in the prostate glands of Vav3 transgenic mice. Prostate tissues (magnification, Â400) from Vav3 transgenic mouse (left ) and wild-type mouse (right ) were subjected to immunohistochemical analysis for phospho-Akt. Brown, immunostaining. C, prostate tissue extracts (100 Ag) derived from Vav3 transgenic and wild-type mice were subjected to Western blot analysis for Akt and phospho-Akt. h-Actin served as loading control.
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Cancer Res 2008; 68: (15) . August 1, 2008 Figure 5 . Alteration of the cancer-and inflammation-related pathways in the prostate glands of Vav3 transgenic mice. A, gene expression networks were constructed for genes differentially expressed in the prostate gland between Vav3 transgenic and wild-type mice using the Ingenuity data base. The identified networks on the top of the list are cancer and inflammation, which are merged (network 2&3 merge ). High magnification of the figures was shown in Supplementary Figs. S1 to S3 . B, expression analysis of Rel A in the prostate glands of Vav3 transgenic mice. Prostate tissues (magnification, Â600) from Vav3 transgenic mouse (left ) and wild-type mouse (right ) were subjected to immunohistochemical analysis for Rel A. Brown, immunostaining. C and D, Vav3 up-regulates NF-nB activity. LNCaP cells (10 5 per well in a 12-well plate) were cotransfected with NF-nB-Luc (0.5 Ag) and expression vector for Vav3 or Vav3* (250 ng). Then, the cells were treated without or with EGF (100 ng) and/or LY294002 (10 Amol/L; C ) or EGF and/or PS-1145 (5 Amol/L; D ) for 24 h in stripped medium, followed by luciferase assay. Renilla luciferase as an internal control was used to normalize the data. Columns, mean of duplicate values of a representative experiment that was independently repeated five times; bars, SD. and inflammatory disease with P = 4.36eÀ12 and P = 4.58eÀ13, respectively. The genes related to prostate cancer and inflammation were listed in Supplementary Tables S1 and S2 . Furthermore, Ingenuity Pathway Analysis identified 68 networks, among which 36 networks were overlapping. On the top of the list in identified networks were cancer and inflammation networks, which overlapped with each other (Fig. 5A ; high-magnification images of Fig. 5A were shown in Supplementary Figs. S1-S3 ; the genes in the networks were listed in Supplementary Table S3 ). In addition, expression levels of a series of inflammation-related genes in the NF-nB-mediated pathway, including chemokines, cytokines, growth factors, and their receptors, were elevated (Supplementary Table S4 ). Expression levels of NF-nB-regulated genes, such as Bfl1/ A1 and VEGF, are also enhanced. Because prostate cancer is heterogeneous and of epithelial origin and total RNA for DNA microarray is from whole prostate gland including stroma, there is potential that many genes overexpressing in the prostate cancer cells fail to be detected by DNA microarray analysis or do not pass statistical significance. We validated the DNA microarray data by quantitative real-time RT-PCR and found that the expression levels of murine proinflammatory cytokines interleukin (IL)-6 and KC, a murine homologue of human IL-8 (40), were f2.6-and 4.8-fold higher in the prostate glands of Vav3 transgenic mice (8.1eÀ5 and 24.1eÀ4 relative to actin mRNA level) compared with those of wildtype mice (3.1eÀ5 and 4.97eÀ4 relative to actin mRNA level), respectively. These analyses confirmed the tumorigenic effects of Vav3 overexpression leading to prostate cancer at the molecular level. Moreover, data from these studies supported the inflammation phenotype observed in the prostate glands of Vav3 transgenic mice (Fig. 3 ) and showed at the molecular level that enhanced Vav3 function also resulted in inflammatory disease in the prostate gland.
Vav3 up-regulated NF-KB signaling. It has been shown that PI3K-Akt signaling up-regulates the NF-nB-mediated pathway, which in turn plays critical roles in inflammatory responses (6) (7) (8) . In addition, it was reported that there is an increased NF-nB expression and activity in prostate cancer, which is correlated with the disease progression (41, 42) . We examined whether there is an increased NF-nB level and nucleus localization in the prostate epithelial cells of Vav3 transgenic mice by immunohistochemical analysis. We found that the level of NF-nB/p65 (Rel A) is increased in the prostatic epithelial cells and also moderately elevated in the nucleus of the cells of Vav3 transgenic mice in comparison with those of wild-type mice (Fig. 5B) .
We then determined whether Vav3 regulates NF-nB activity via PI3K-Akt signaling in a reporter assay. LNCaP cells were transiently cotransfected with luciferase reporter NF-nB-Luc and expression vector for Vav3 or constitutive active Vav3*. The cells were then treated with EGF, PI3K inhibitor LY294002, or epidermal growth factor (EGF) plus LY294002. As shown in Fig. 5C , overexpression of Vav3 elevated basal NF-nB activity in LNCaP cells. EGF-stimulated NF-nB activity was further enhanced by overexpressing Vav3. Vav3-enhanced NF-nB activity was inhibited by treatment with LY294002. EGF stimulation partially attenuated the inhibitory effects of LY294002 on Vav3-induced NF-nB activation. The stimulatory effect on NF-nB activity was more evident in cells transfected with Vav3* and Vav3* plus EGF stimulation (Fig. 5C ). In addition, overexpression of Vav3*, relative to Vav3, compromised the inhibitory effect for NF-nB by LY294002. Furthermore, we confirmed whether Vav3 regulates NF-nB activity mediated by NF-nB. LNCaP cells were transiently cotransfected with luciferase reporter NF-nB-Luc and Vav3* expression vector. The cells were then treated with EGF in the absence or presence of the InB kinase inhibitor PS-1145 (43) . We found that blocking the activity of InB kinase, an upstream kinase essential for NF-nB activation, significantly compromised NF-nB activity stimulated by Vav3 and EGF (Fig. 5D ). These data indicated that Vav3 overexpression enhances NF-nB activity, which is at least partially mediated by PI3K-Akt signaling.
Discussion
Our previous study showed that Vav3 is overexpressed in human prostate cancer, stimulates prostate cancer cell growth, and enhances the AR signaling axis partially via the PI3K-Akt pathway (30) , suggesting a potential role of Vav3 in prostate cancer. Data presented in the present study confirm and extend these observations. Indeed, the AR-mediated signaling axis and PI3K-Akt signaling are elevated in the prostate gland of Vav3 transgenic mice, a genetically engineered prostate cancer model. Vav3 transgenic mice develop mPIN and prostate cancer in young adult mice. However, we did not observe a distant metastasis in the transgenic mice, suggesting that additional factors are required for this phenotype. Some Vav3 transgenic mice develop a significant inflammatory response and angiogenesis in the prostate gland, which is associated with the elevated incidence of prostate cancer. These findings are supported by data from DNA microarray and signaling pathway analysis, showing that inflammatory diseases and cancer of the prostate gland in Vav3 transgenic mice are among the top disorders. Moreover, we found that Vav3 overexpression up-regulates NF-nB-mediated signaling at least partially via PI3K-Akt signaling, implicating an underlying mechanism of inflammatory response in the prostate glands of Vav3 transgenic mice.
Vav proteins are signal transducers of receptor protein tyrosine kinase in various signal transduction pathways. Vav3 can be activated by the receptor protein tyrosine kinase activity of EphA receptor and EGFR, and in turn, Vav3 signals downstream through the PI3K-Akt pathway (12) (13) (14) (15) . It has been well documented that elevated signaling of the EGFR/HER2-PI3K-Akt pathway contributes to AR hypersensitivity and prostate cancer. We showed in our Vav3 transgenic model that Vav3 overexpression enhances the signaling levels of both the PI3K-Akt pathway and AR signaling axis, which may contribute to prostate cancer development. However, the molecular mechanism of Vav3 action in the context of the EGFR/HER2-PI3K-Akt pathway and AR signaling axis remains to be determined.
Inflammation, when it runs unchecked, can also lead to a host of diseases, such as hay fever, atherosclerosis, and rheumatoid arthritis. Chronic inflammation is a pathologic condition characterized by concurrent active inflammation, tissue destruction, and attempts at repair. Chronically inflamed tissue shows the infiltration of lymphomononuclear immune cells (monocytes, macrophages, lymphocytes, and plasma cells), tissue destruction, and attempts at healing, which include angiogenesis and fibrosis (44) . Histopathologically, inflammation is associated with prostate cancer (3). In our genetically engineered mouse prostate cancer model, we found that lymphomononuclear cell infiltration in the prostate gland mainly consists of monocytes, lymphocytes, and plasma cells, but lacks neutrophils, suggesting that the inflammation is not due to bacterial infection (39, 45) . Significantly, the presence of plasma cells indicates chronic inflammation (44) . More significantly, we found that inflammation is associated with prostate cancer development.
NIH category I and II prostatitis are acute and chronic prostatitis caused by bacterial infection (46, 47) . However, the etiology of category III and IV prostatitis is not clear. Category III prostatitis, chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS), is a poorly understood disorder, even though it accounts for 90% to 95% of prostatitis diagnosed (48) . Theories behind the disease include autoimmunity. CP/CPPS may be inflammatory (category IIIa) or noninflammatory (category IIIb), whereas both categories show evidence of inflammation (49, 50) . Category IV prostatitis is asymptomatic inflammatory prostatitis (51) . These patients have no history of genitourinary pain complaints, but leukocytosis is noted, usually during evaluation for other conditions. Asymptomatic prostatic inflammation may sometimes be associated with prostate cancer. Our Vav3 transgenic mice develop nonbacterial chronic prostatitis, which is induced by overexpression of Vav3 oncogene. This is the first prostatitis model induced by genetic factor, suggesting a novel mechanism of prostatitis.
It has been shown that PI3K-Akt signaling activates NF-nB (6-8). It has been well documented that NF-nB activation leads to expression of inflammatory cytokine and growth factors, blocking of apoptosis, promotion of proliferation, angiogenesis, and tumor invasion process. It was also reported that there is an increased NFnB expression and activity in prostate cancer, which is correlated with the disease progression (41, 42) . In the current study, we showed that Vav3 enhances PI3K-Akt signaling (30) . We also found that Vav3 overexpression enhances NF-nB-mediated signaling partially via the PI3K-Akt pathway (4, 5) . We observed an elevated angiogenesis in the prostate glands from Vav3 transgenic mice. Consistently, DNA microarray analysis revealed that expression levels of a series of inflammation-related genes in the NF-nBmediated pathway, including chemokines, cytokines, growth factors, and their receptors, were elevated. This finding suggests that genetic alteration by Vav3 overexpression aberrantly stimulates innate immune response, leading to inflammation in the prostate gland. NF-nB may be a key linking molecule in Vav3-induced inflammation, which is associated with prostate cancer development.
Among genetically engineered mouse prostate cancer models induced by a single endogenous gene, PTEN null mice, generated by prostatic epithelial cell-specific PTEN knockout, develop mPIN, prostate cancer, and distant metastasis (29, 52) . Overexpression of c-myc oncogene in the prostate gland induces locally invasive adenocarcinoma without distant metastasis (53) . Here we report that prostatic epithelium-specific Vav3 transgenic mice develop nonbacterial prostatitis and prostate cancer. Vav3*, a Vav3 mutant with NH 2 -terminal domain deletion, is a constitutive active form and has very strong oncogenic effect compared with wild-type Vav3 (54) . This study proves a principle that enhancement of single Vav3 gene function leads to prostatitis and prostate cancer development, suggesting an important role of the Vav3-mediated pathway in prostate cancer biology.
In summary, our Vav3 transgenic mice, a genetically engineered mouse prostatitis and prostate cancer model, showed that elevated Vav3 function leads to enhanced signaling levels in both NF-nBand AR-mediated pathways, partially via PI3K-Akt signaling, and induces nonbacterial chronic inflammatory response and cancer development in the prostate gland. This study suggests that Vav3-mediated signaling plays a critical role in prostatitis and prostate cancer.
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